The lower critical solution temperature (LCST) of hydroxypropyl methylcellulose (HPMC) under mixing with acrylic acid (AA) monomer has been studied by turbidity measurements. It has been found that the LCST of the HPMC was drastically reduced from 60
Introduction
PAA nanogels and PAA microparticles are used for many drug release controlling materials for the entrapment of hydrophilic drug candidates. Hydrophilic nanogels are usually synthesized via inverse microemulsion polymerization. However, it is very difficult to completely remove organic solvent and surfactant from resulting nanogels; consequently, these nanoparticles are all not suitable for drug delivery systems [1] . Then there is a growing interest in the formation of polymer complexes between a proton-accepting polymer such as poly (ethylene oxide) (PEO) and the protondonating polymer poly (acrylic acid) (PAA) via H-bonding in aqueous media as a model of biological systems [2] [3] [4] [5] [6] . But, only a few studies have been reported so far on the effect of complexation on the lower critical solution temperature (LCST) of a nonionic polymer [7, 8] . Budtova and coworkers investigated the formation and properties of the interpolymer complexation between PAA and cellulose ethers including hydroxyethylcellulose (HEC) and methylcellulose (MC) [9] [10] [11] . Lu and coworkers had done a lot of research about the phase transition behavior of the HPC/PAA complex with change of concentration and pH [12] [13] [14] [15] [16] . Their experimental results showed that the mixtures of the cellulose ethers and nonionized PAA in aqueous solution formed interpolymer complexes due to hydrogen bonding which is the root cause of the reduced LCST. In fact, the hydroxypropyl methylcellulose (HPMC) also exhibits a lower critical solution temperature (LCST) at 60
• C, and a remarkable hydration-dehydration would occur in aqueous solution in response to relatively small changes in temperature around the LCST. Moreover, the HPMC is one of the cellulose ethers approved by the United States Food and Drug Administration (FDA) for the use in food, drug, cosmetics, and building materials [17] . To our knowledge, the studies of the phase transition behavior of HMPC which mixed them with the small monomers as proton-donating molecule have not been reported.
In this work, the lower critical solution temperature (LCST) of the HPMC in presence of acrylic acid (AA) was studied. It was found that the LCST of the HPMC was drastically reduced after adding AA into the HPMC solution, and a new synthesis method was used to synthesize surfactant-free PAA/HMPC nanogels directly in an aqueous system. The temperature phase transition behavior and diameter of the nanogels were carried out using different analytical techniques such as turbidity, transmission electron microscope (TEM), and dynamic laser light scattering (DLS) measurements. N,N -methylenebisacrylamide (BIS), N,N, N ,N -tetramethylethylenediamine (TEMED), and potassium peroxodisulfate (KPS) were purchased from Tianjin Bodi Chemical Ltd. Deionized and distilled water was used throughout.
Experimental

Sample Preparation.
The HPMC powder was dissolved in deionized water at a concentration of 0.5 wt% at 50-60
• C. The solution clarified after cooling. The AA solution is analytical grade. These two solutions were then mixed to produce the desired concentrations studied in this paper.
HPMC-PAA Hydrogel Synthesis.
The polymerization and cross-linking reaction for different compositions of AA/HPMC system were carried out in glass vessel at their respective LCSTs for 4-5 h by using KPS and TEMED as redox initiator (1.0 wt% based on AA) in the presence of crosslinking agent BIS (1.0 wt% based on AA). The whole reaction process was under the protection of the N 2 .
Turbidity Measurement.
The insoluble material concentration can scatter light and reduce the transmission of visible light. The turbidity (a) is defined as the reduction in fractional light intensity per unit penetration length in the sample. In this experiment, the turbidity was measured using a spectrophotometer (Shanghai Xinmao Ltd. UV-7504) at the maximum absorption wavelength of the incident light of 295 nm. The temperature of HPMC-AA water solution or HPMC-PAA nanogel dispersion was controlled by a circulation water bath (Shanghai Experimental Instruments. model 501). The temperature of the sample was measured using an electric contact thermometer. The sample was allowed to reach equilibrium for 30 min or longer after adjusting each temperature.
Transmission Electron Micrograph Characterization.
TEM of the HPMC-PAA complex nanogel particles was taken using an H-800 electron microscope (Hitachi, Tokyo, Japan). The TEM sample was prepared by placing a dilute Journal of Nanomaterials drop of the measured solution onto the copper grids and allowing it to dry.
Fourier Transform Infrared Spectroscopy.
Fourier transform infrared spectroscopy (FTIR) spectra were measured on a Perkins-Elmer FTIR spectrophotometer. The HPMC-PAA gel particle suspension was lyophilized to dry powder, and the obtained dried powder was mixed with KBr and pressed to a plate for measurement.
Dynamic Light Scattering Characterization.
The size distribution of the nanoparticles was determined by dynamic light scattering using a Malvern Instruments Zetasizer Nano series instrument (ZS90) equipped with a 22 mW He-Ne laser operating at a wavelength of 633 nm. Measurements were carried out at 25
• C. Dispersion Technology Software 5.03 (Malvern Instruments) was used to record and analyze the data to determine particle size distribution. • C as AA concentration was up to 7 wt%. The decrease of the phase transition temperature is attributed to the formation of hydrogen bonding between the -COOH group of the AA and -OH group of the HPMC. The hydrogen bonds between the -COOH group of the AA and -OH group of the HPMC are more stable than those between the -OH groups of water and HPMC, and the hydrophobicity of the HPMC chains increases with the increase in the volume of AA.
Results and Discussion
Effect of AA Concentrations on the LCST of HPMC.
HPMC in water has the LCST at approximately 60 • C, while acrylic acid (AA) is a hydrophilic molecule and readily dissolves in water. The phase transition of the HMPC is related to the delicate hydrophilic-hydrophobic balance of HPMC configuration. When the HPMC and AA monomer are mixed, a hydrogen bonding between the HPMC and AA can form as shown in Figure 2 . That is, the AA acts as a proton donor interacting with a proton acceptor (HPMC) to give a complex in which decreasing the LCST of the hydrophilic HPMC resulted in the phase transition at a lower temperature. The steric repulsion between hydrophilic groups of HPMC chain and AA monomer accounts for the stability of the aggregates [12] .
Formation of PAA/HPMC
Nanoparticles. There was no particle observed by TEM at room temperature in the aqueous solution of AA and HPMC system. As the AA polymerized in different ratios of AA/HPMC aqueous solution at their respective LCSTs, a large number of nanospheres were observed by TEM at room temperature, as seen in Figure 3 . Therefore, the formation of the HPMC/PAA complex nanogels is due to the polymerization of AA monomer with the collapsed HPMC as a template or core at their LCST. The nanogels were 50∼150 nm in diameters. Figure 4 shows the FTIR spectra of HPMC, PAA, and HPMC-PAA gel particles. For pure PAA, the peak centered at 1708 cm −1 was assigned to the associated carboxylic acid groups [18] , suggesting that most of the carboxylic acid groups were associated with intramolecular hydrogen bonding. In HPMC-PAA particles, the absorption peak of carbonyl groups moves to 1658 cm −1 , indicating intermolecular hydrogen bonds formed between PAA and HPMC at the expense of partial detachment of intramolecular hydrogen bonds among the carboxylic groups of PAA. Changes in the hydroxyl stretching region were also observed. For pure HPMC, the absorption band of hydroxyl group at 3448 cm −1 shifts to 3305 cm −1 in HPMC-PAA particles. In PAA spectrum, the broad intensive bands at 3410 and 2934 cm −1 can be observed. These two bands are attributable to the free hydroxyl groups and the hydroxyl groups suffering from hydrogen bonds, respectively [19] . For HPMC-PAA nanogel particles, the intensity of the band at 2934 cm −1 decreases significantly, and the band at 3410 cm −1 shifts to a lower wave number (3305 cm −1 ). The intensity decrease in the band at 2934 cm −1 is caused by the hydrogen bonding between HPMC and PAA instead of self-associated hydrogen bonding in PAA itself, while the shift of the band corresponding to free hydroxyl groups of PAA again indicates that interpolymer hydrogen bonding between PAA and HPMC is formed in the particles. So the obtained HPMC-PAA gel particles have a semi-IPN structure.
The particle sizes were analyzed by dynamic light scattering (DLS). Figure 5 shows the size distributions of the HPMC-PAA nanogels by intensity, and the results are summarized in Table 1 . We see that the average sizes and distributions of these particles measured by DLS are bigger than those observed by TEM, and the nanogels almost have an average diameter ranging from 370 nm to 500 nm. A bigger particle size by the means of DLS is due to the swelling state of the nanogel in water, while the particle is in dry state by the means of TEM.
The Temperature Phase Transition Behaviors of HPMC-
PAA Nanogels. Like its polymer chain counterpart, the resultant surfactant-free HPMC-PAA nanogels exhibit the temperature volume phase transition behaviors. The HPMC-PAA nanogels undergo a volume phase transition in water from the swollen state to the collapsed state as the temperature increases. Figure 6 shows the turbidity of HPMC-PAA nanogels solution as a function of temperature at the different mass ratios of AA to HPMC. The curves indicate that the nanogels exhibit the volume phase transition above their LCST similar to the uncrosslinked HPMC/AA aqueous solution at the given concentration. The volume phase transition of the HPMC-PAA nanogel also occurs at about 38
• C when the mass ratio of AA to HPMC is about 14 (see Figures 1 and 6 ). It may be due to the equally strong hydrogen bonding interaction between the -COOH of the PAA generated and -OH of the HPMC. The driving forces for the thermo-sensitive volume phase transition could be considered to be a balance between the hydrophilic and hydrophobic interactions of inter-HPMC and intra-HMPC. The size of the HPMC/PAA complex nanoparticles at low and high temperatures has been studied by dynamic light scattering using Malvern Instruments Zetasizer Nano series instrument (ZS90). The sample was allowed to reach equilibrium for 30 min after adjusting each temperature. The average diameters of the particles decrease as the environmental temperature increases within the range of temperatures studied as seen in Figure 7 . It further shows that the HPMC/PAA nanogels undergo a volume phase transition in water from the swollen state to the collapsed state as temperature increases. The nanogels in water swell when the temperature is lower than their volume phase transition temperature. As the temperature was above their volume phase transition temperature (the volume phase transition temperatures seen in Figure 6 ), water became a relatively poor solvent and escaped from the nanospheres. HPMC polymer chains began to feel the hydrophobic attraction of each other, and the loose surface tangling chains collapsed, resulting in a smaller diameter measured by DLS. This indicates that there is not any particle aggregation at the higher temperatures which could be possibly due to the steric interactions between these particles. Due to the temperature responsive volume change, the suitable transition temperature around 38
• C under the physiological condition that corresponds to the temperature as a person gets a fever, biocompatibility of the HPMC, and nanosize, the HPMC-PAA nanogels could be particularly useful in controlled drug delivery applications [20] .
Conclusion
The phase transition behavior of hydroxypropyl methylcellulose (HPMC) and acrylic acid (AA) system in water has been investigated. The LCST of the complex shifted to much lower temperature than that of the pure HPMC. The decrease of the phase transition temperature is attributed to strong hydrogen bonding between the HPMC and AA. The LCST of the complexes decreased with the increase of the concentration of acrylic acid monomer. The study of HPMC and AA system leads to a new method for the synthesis of surfactantfree nanogels at the lower temperature, and HPMC-PAA nanogels have been synthesized by AA monomer polymerization. As the reaction temperature just reached LCST, the aggregated chains form stable nanospheres due to intermicelle electrostatic repulsion. The phase transition of the HPMC-PAA nanogels occurs at about 38
• C as the mass ratio of AA to HPMC is about 14, which corresponds to a fever temperature of the human body. Combining the temperature-responsive volume change, biocompatibility of the HPMC and PAA, and nanosize, the HPMC-PAA nanogels could be particularly useful in controlled drug delivery applications.
